I N T RO D U C T I O N
Groundwater reservoirs in arid and semi-arid regions are limited and often subject to intense and uncontrolled groundwater extraction. In the Middle East, about 5 per cent of the world's population has to share less than 1 per cent of available freshwater, so water has become a major economic and strategic resource (Oren 2002) . Since arid and semi-arid regions cover more than 60 per cent of Iran, the lack of water may hinder further spread of agricultural and economic activities (Modarres & de Paulo Rodrigues da Silva 2007) . Many of the water reservoirs in the Middle East are deep-rock aquifers of Cretaceous or even Triassic origin, with expected recharge times in the order of thousands of years (Beaumont et al. 1988) . In Iran, intense irrigation associated with land use is thought to be the main reason for groundwater overdrafting and a measurable shrinkage of the water reservoirs. The amount of groundwater extraction in the country has increased from 20 billion m 3 in 1960 to more than 53 billion m 3 in 2002-2003, exceeding safe yields. In addition, the available water resource per capita shrank from 5800 m 3 in 1965 to about 1910 m 3 in 2001, and is estimated to be less than 1000 m 3 in 2025 (World Bank 2005) .
Intensive water extraction can compact the aquifer system, increasing the effective overburden intergranular load. As a result, the land may subside. If the reservoir recharge is less than the discharge, compaction and land subsidence can become irreversible (Sneed et al. 2003) and may affect agricultural and urban areas that are heavily dependent on groundwater supplies (Poland 1984) . In addition, associated land subsidence can cause significant damage to infrastructure. Annual costs of water degradation in Iran (mean estimate, 2002) approach US $3.2 billion or 2.82 per cent of the Gross Domestic Product, of which about 10 per cent is related to damage costs associated with aquifer exploitation (World Bank 2005) .
Currently there are no reliable estimates for the rate and extent of land subsidence in the groundwater basins of Iran. Several studies have used the remote sensing method Interferometric Synthetic Aperture Radar (InSAR) for monitoring of groundwaterinduced land subsidence (Galloway et al. 1998; Amelung et al. 1999; Galloway et al. 2000b; Lu & Danskin 2001; Hoffmann et al. 2003; Motagh et al. 2007 ). Compared to conventional techniques for monitoring land deformation (GPS, levelling), the main advantage of InSAR is its ability to provide high resolution (a few tens of metres) maps of crustal deformation with large spatial coverage (>10 4 km) at subcentimetre accuracy Hansen 2001) .
In this study, we investigate land subsidence in the Kashmar region, a valley in northeastern Iran approximately 220 km south of the province's capital, Mashhad (Fig. 1) . We shall use InSAR data to measure groundwater-induced deformation in Kashmar and compare the results with precise levelling. These observations allow us to examine in detail the spatio-temporal pattern of subsidence that can be used to infer underlying structural conditions. In the following we first describe the issue of water overextraction in the study area. Then, we outline the methods used to measure the associated effects. Finally, we compare the observed subsidence pattern to the tectonic framework of the region. 
K A S H M A R VA L L E Y
The Kashmar topographic basin is oriented in an approximately east-west direction and is about 100 km long and as much as 25 km wide (Fig. 1) . The city of Kashmar is located at the eastern end of the valley, with a population between 70 000 and 180 000. In recent decades, Kashmar Valley has been known for its commercialized growth of grapes, cultivation of pistachio and production of raisins. The colour composite maps in Fig. 1 show an increase in agriculture in the valley defined by three Landsat scenes taken in 1972, 1987 and 2000 . The development of Kashmar city can also be seen by an increase in the overall footprint of the city. The figures of increased agriculture and urban development suggest an increasing water demand. After 2000 no suitable Landsat data are available for further assessment of the recent changes in agriculture. However, analysis of ENVISAT's MERIS (Medium Resolution Spectrometer) multispectral measurements still show a slight increase in the vegetation cover of the spring season (inset in Fig. 2a) , as defined by the change in the value of normalized difference vegetation index (NDVI) (Tucker 1979) . The increasing demand in water is also reflected in the ground water level data. Groundwater level measurements of several piezometric wells in Kashmar Valley show a groundwater level decline by about 12 m from 1988 to 2004 (Fig. 2a) . Using a linear regression, we estimate an annual groundwater level decline of about 70 cm yr −1 in the Kashmar area. A comparison of the groundwater level decline to precipitation data suggests that climate change has only a minor influence. The precipitation archive at the Kashmar synoptic station (http://www.irimo.ir) suggests a large variance but may imply a slight decrease of about 57 mm yr −1 in the annual precipitation rate from 1998 to 2006 and a mean temperature increase of about 1.3
• C within this period (Fig. 2b) . Therefore, a combination of the growing use of intensive agriculture in the valley since 1972, the prospering city, the increased temperature and the slight net decrease in annual precipitation rate may explain the increased demand for groundwater. As we will show below, the effects of increased water extraction may include substantial land displacement controlled by basement structures, which can be indirectly inferred by remotely sensed satellite data.
M E T H O D S
As the first method to investigate land subsidence we use radar data from the ENVISAT satellite in image mode (I2) that has a ground resolution of approximately 20 m, a scene size of about 100 × 100 km 2 , a fixed incidence angle of about 23
• , and a revisit interval of 35 d. We used a total of 22 SAR Single Look Complex (SLC) images for the time interval from July 2003 to March 2006 at the descending satellite track 435. We utilize the 2-pass InSAR method (Massonet and Feigl 1998) implemented in the software package SARscape (www.sarmap.ch), with the 90 m resolution digital elevation model (DEM) generated by the NASA Shuttle Radar Topography Mission (SRTM) to remove the topographic phase contribution from the interferometric phase. Twenty-two interferograms with favourable baselines and temporal coverage (Fig. 3 ) are processed and unwrapped using the region growing algorithm (Reigber & Moreira 1997) . InSAR coherence is good in the study area for time spans over a few months. For time spans exceeding ∼200 d, however, we lose coherence probably because of intensive agriculture in the valley. Ground deformation, measured by C-band InSAR (wavelength ∼56 mm), is generally visualized in fringes (colour cycles), each fringe representing a displacement of 2.8 cm in the line-of-sight (LOS) of the satellite. For the satellite's incidence angle of 23
• , one fringe can be converted into a vertical displacement of 3.1 cm, assuming that the LOS range changes are dominated by vertical deformation alone. The perpendicular baseline of the interferograms ranges from 32 to 353 m, which involves height ambiguity (height differences corresponding to an interferometric fringe) of about 230 and 21 m, respectively. The relative height error (90 per cent probability) of SRTM elevation data over Eurasia is ∼8.7 m (Rodríguez et al. 2005) , resulting in no more than ∼0.4 fringes, or 0.14 cm, of line-of-sight error in the interferogram with the longest perpendicular baseline. Moreover, the basin floor is very flat that helps mitigate any contributions from topography-related artefacts in interferograms. An overview of the data that are processed here along with their acquisition dates and normal baselines is shown in Fig. 3 . Other interferograms not included in this study have either poor coherence or unfavourable baselines. Using all suitable data we analysed the spatio-temporal evolution of subsidence in Kashmar Valley.
In order to validate the results of space-borne remote sensing data, the InSAR measurements are compared to independent ground truth observations obtained using levelling. The National Cartographic Center of Iran (NCC) collected levelling data in the Kashmar Valley over a 10-yr time span between 1993 and 2003. The first survey was done during 1993 August-October and the second survey from May to July in 2003. Fig. 1(c) shows the location of the levelling line along the Kashmar Valley. The levelling surveys were conducted according to specifications required for first-order precise levelling; the expected standard deviation for the change in elevation differences between two benchmarks as measured in two surveys can be expressed as ±αL 1/2 , where α = 1 mm km −1/2 and L is the distance in kilometres along the levelling line between the benchmarks (Memarzadeh 1998) . Fig. 4 shows a sample wrapped interferogram, superimposed on the corresponding SAR amplitude image, with one fringe representing ∼2.8 cm of displacement in satellite line-of-sight. It covers the period from 2005 April 28 to July 7, and shows up to 6 cm of land subsidence. The subsidence area extends ∼65 km from east to west and ∼12 km from north to south, including an area of ∼750-800 km 2 in the valley. The main subsidence feature is elongated along the axis of the valley and appears to be related to its flat plains, flanked by mountainous areas to the north and south. The regions surrounding Kashmar Valley do not show any significant signs of surface deformation and consequently are considered stable. Some local phase gradients outside of the subsidence zone may be due to residual topographic or atmospheric noise.
R E S U LT S
Comparing various interferograms covering different time periods allows us to examine the spatial extension, temporal evolution and amount of land subsidence in greater detail. four wrapped interferograms overlain on the corresponding shaded relief map. These interferograms have time spans of 35, 70, 105 and 140 d, respectively, and reveal that the amount of subsidence increases over longer time periods, as indicated by the rising numbers of fringes, while its spatial pattern remains approximately constant over time. The area affected by subsidence is about 750-800 km 2 in all interferograms, and the boundaries of the subsiding area are well defined. These boundaries are only roughly correlated with topography. The amount of subsidence is generally larger in the centre of the valley, and displays isolated and aligned subsidence bowls trending NE-SW.
To estimate the cumulative subsidence that occurred between 2003 July and 2006 March, we add nine interferograms that cover consecutive acquisition dates. Light grey bars in Fig. 3 highlight these interferograms. Some 60 per cent of the area affected is subject to subsidence of about 15 cm yr −1 . As shown in the displacement map (Fig. 6) , several isolated locations subsided by as much as 58 cm for the integrated time (2.1 yr). The pattern of subsidence in the displacement map is similar to the pattern obtained in individual interferograms. There are widespread subsidence bowls that are spatially elongated in a NE-SW direction with localized areas of more pronounced subsidence inside them.
To validate this pattern we also stack all 22 interferograms to amplify the signal to noise ratio and estimate the rate of subsidence, assuming a constant rate. The average monthly subsidence rate reaches up to ∼2.5 cm month −1 for the integrated time from 2003 July 3 to 2006 March 9 (Fig. 7) . The velocities obtained from the stacked InSAR data by 22 interferogams (Fig. 7) and by nine consecutive interferograms (Fig. 6) provide a distinct correlation, confirming the assumption of constant subsidence rate. Fig. 8 shows the comparison between the InSAR-stack results and levelling measurements along an east-west line (see Fig. 1c ). The relative errors of levelling data are indicated on the profile as error bars, ranging between 1.3 and 9.6 mm; these quantities apply for the original measurements (time span 9.75 yr). The standard deviation converted into annual values is accordingly smaller. For the InSAR-stack along the levelling line, error propagation resulted in 1.4 mm standard deviation, considering a measured LOS standard deviation of about 0.3 cm outside the subsidence-affected area. The comparable standard deviations of InSAR and levelling results permit a quantitative comparison between them.
From 1993 to 2003, the largest subsidence along the levelling profile occurs east of the Kashmar City, where it amounts to ∼1.2 m at the benchmark BKBW1029, or a rate about 11 cm yr −1 (Fig. 1c) . Significant subsidence has only affected the agricultural part of Kashmar Valley. Both levelling and InSAR-stack transects show a steep gradient in subsidence area with little subsidence outside the agriculture area (see Fig. 1c ). The InSAR-stack transect captures more local vertical deformation, due to the finer resolution of InSAR (∼20 m) with respect to the levelling (∼2 km). The near zero subsidence values west of longitude 58
• 12 observed by both InSAR and levelling suggest that the InSAR results do not have a constant offset and that the boundaries of subsidence area have remained constant. East of longitude 58
• 12 , the amount of subsidence per year is larger for the InSAR-stack result. This may suggest that the rate of subsidence has increased since at least 2003 within the affected area.
D I S C U S S I O N
We have applied the InSAR method for data acquired between 2003 and 2006 to determine the extent and amount of subsidence in Kashmar Valley. Approximately 750-800 km 2 in this valley is subsiding at decimetre rates annually. For short-term interferograms (e.g. 35 d separation), our results suggest that the subsidence rate is constant. However, comparison of long-term and short-term interferograms (e.g. 140 d) shows small changes for some very localized maxima of subsidence, probably resulting from varying amount of groundwater pumped and seasonal weather changes.
The stack of interferograms shows a subsidence pattern similar to the individual interferograms (Fig. 5) . The rates of subsidence observed in both the levelling and InSAR-stack data agree well. Based on the agreement of trends and the small differences in amplitude between levelling and the InSAR-stack, we presume that the spatial extent of the subsidence area is constant, while its amplitude has slightly increased since at least 2003 (the start date of InSAR data). This is in part supported by the overall decrease in annual precipitation, the temperature increase and continued overdrafting of groundwater over the past years (Fig. 2) , contributing to more subsidence.
InSAR also reveals a distinct pattern of subsidence, which may be influenced, if not controlled, by buried tectonic structures within and below the young sediments infilling the valley. The detailed analysis of subsidence in the Kashmar depression reveals isolated regions of maximal subsidence, as well as NE-SW elongated zones of subsidence bowls (Fig. 7) . This complex subsidence pattern may indicate the influence of buried fault block structure within and below the aquifer-bearing sedimentary basin fill. The Fig. 1c for location of benchmarks) and the results of the InSAR data. The changes in geodetic levelling are divided by the time span (9.75 yr) to find the subsidence rate in centimetres per year. The InSAR transect relies on the stack of interferograms and is also converted by dividing by the integrated time span to subsidence rate per year. Error bars in the levelling profile represent standard deviations in cumulative random errors from the reference benchmark.
subsidence-affected area is part of the tectonically controlled Quaternary basin structure, evolved from several Alpine deformation steps of the Central Iranian Plateau (e.g. Guest et al. 2007) . In this process, the sinistral Doruhneh fault (Mohajer-Ashjai 1975) , Berberian & Tchalenko 1976) outcropping NE-SW striking morphological and tectonic block structures of the basement in the north and south of the subsidence area suggest the continuation of similar block or graben structures within and below the basin-filling sedimentary and aquifer units. Sediments of varying thickness and an aquifer system displaying irregular water recharge rates overlie this buried faulted basement structure that propagates through the basin fill deposits. The situation is sketched in Fig. 9 , hypothesising that heavy pumping in localized subsidence zones is producing elongated subsidence patterns that are directly fault controlled.
Other studies suggest comparable structural control of subsidence pattern, as for instance in the Silver Creek region of California (Galloway and Hoffmann 2006) , Las Vegas (Bell et al. 2002) or Mashhad (Motagh et al. 2007) . The characteristic of these presented boundaries suggest differing sedimentary sections of contrasting mechanical or dynamic properties, and faults cutting the pumped aquifers serving as subsidence barriers (Galloway et al. 2000a) .
Considering the water level decline of about 71 cm and the 15-30 cm subsidence per year, we infer highly compressible sediments in the aquifer system. The lithology of Kashmar Valley is mainly characterized by low level and young piedmont fan and valley terrace deposits. We cannot decipher whether the locations of areas affected by maximum subsidence are located (1) above faults or (2) between faults in the basement and sediment fill. In case (1), the fault may host large reservoirs, which have been drained and are leading to more subsidence in zones elongated along NE-SW. In case (2), the fault may cause replenishment of the reservoirs and thus be associated with less subsidence, as sketched in Fig. 9 .
The aquifer system may therefore be highly heterogeneous with varying skeletal storage coefficient (Hoffmann et al. 2001) . Due to the lack of contemporaneous measurements of water levels in the vicinity of the areas affected by more subsidence, a quantitative evaluation of the skeleton coefficient is not feasible. Special dedicated field observations in the future may help to develop reliable models and assess the extraction-induced compaction and subsidence.
C O N C L U S I O N
Our analysis shows subsidence in the east-west elongated Kashmar Valley in northeast Iran. During the study period [2003] [2004] [2005] [2006] , subsidence affected an area of about 750-800 km 2 , with common subsidence rate of 15 cm yr −1 . At several isolated locations, however, the rates are even up to twofold larger, reaching almost 30 cm yr −1 . We also observe that these locations probably correlate to technical buildings and well locations.
Zones of widespread subsidence bowls, which are punctuated by very localized maxima, are generally elongated NE-SW along the axis of the valley. We suggest that the NE-SW elongated subsidence pattern is governed, if not controlled, by old buried faults of Cretaceous-to-Tertiary age beneath or within the sedimentary valley infill. Buried faults may accordingly form a structured aquifer basin system varying in thickness and recharge rate.
Taking into account the ongoing and increased subsidence inferred by levelling and measured by InSAR, the increased demand for groundwater caused by increasing agriculture, global climate change and precipitation decline, we expect that the overexploitation of groundwater in Kashmar (Fig. 2) is likely to become a major factor for development and prosperity in this region.
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